Calculation of the energies, magnetic dipole hyperfine structure constants, E1 transition amplitudes between the low-lying states, and nuclear spin-dependent parity-nonconserving amplitudes for the 2 S 1/2 − 2 D 3/2,5/2 transitions in 171 Yb + ion is performed using two different approaches. First, we carried out many-body perturbation theory calculation considering Yb + as a monovalent system. Additional all-order calculations are carried out for selected properties. Second, we carried out configuration interaction calculation considering Yb as a 15-electron system and compared the results obtained by two methods. The accuracy of different methods is evaluated. We find that the monovalent description is inadequate for evaluation of some atomic properties due to significant mixing of the one-particle and the hole-two-particle configurations. Performing the calculation by such different approaches allowed us to establish the importance of various correlation effects for Yb + atomic properties for future improvement of theoretical precision in this complicated system.
D 3/2,5/2 transitions in 171 Yb + ion is performed using two different approaches. First, we carried out many-body perturbation theory calculation considering Yb + as a monovalent system. Additional all-order calculations are carried out for selected properties. Second, we carried out configuration interaction calculation considering Yb as a 15-electron system and compared the results obtained by two methods. The accuracy of different methods is evaluated. We find that the monovalent description is inadequate for evaluation of some atomic properties due to significant mixing of the one-particle and the hole-two-particle configurations. Performing the calculation by such different approaches allowed us to establish the importance of various correlation effects for Yb + atomic properties for future improvement of theoretical precision in this complicated system. 
I. INTRODUCTION
The Yb + ions have been a subject of heightened interest in recent years owing to use of this system in a number of different applications including quantum information studies [1, 2] , searches for variations of fundamental constants [3] , and development of the optical frequency standards [4] [5] [6] [7] .
Manipulation and detection of a trapped Yb + hyperfine qubit was described in [1] . An efficient scheme to carry out gate operations on an array of trapped Yb + ions was suggested in [2] . Yb + is of particular interest to the atomic clock development due to the availability of two different (quadrupole [5] and octupole [7] ) metastable transitions that can be used as optical frequency standards. In 2012, the performance of the optical frequency standard based on electric-octupole transition 2 S 1/2 (F = 0) → 2 F o 7/2 (F = 3) in a single trapped Yb + ion was investigated [7] . This work has demonstrated that the octupole transition in 171 Yb + can be used to realize an optical clock with a systematic uncertainty of 7.1×10 −17 [7] . Moreover, it has been shown that a clock based on a linear combination of the quadrupole and the octupole transition frequencies of Yb + can have a significantly reduced blackbody shift [8] . An availability of two metastable transitions suitable for the development of the precision frequency standard made Yb + an attractive candidate for the search of the variation of the fine-structure constant. The 2 S 1/2 → 2 D 3/2 transition in Yb + was also proposed [9] for study of the nuclear spin-dependent (SD) parity-nonconserving (PNC) effects. Such an experiment will be able to yield the nuclear anapole moment that arises due to parity-violating interaction between nucleons in the nucleus [10] . Study of the weak hadronic interactions is of particular interest due to significant discrepancy between constraints on weak nucleon-nucleon couplings obtained from the cesium anapole moment and those obtained from other nuclear parity-violating measurements [11, 12] .
Accurate calculation of Yb
+ properties is very difficult owing to the large number of low-lying states of the holetwo-particle configurations such as 4f 13 5d6s and their strong mixing with one-particle (monovalent) configurations, such as 4f 14 6p. The properties of ytterbium ions were studied in a number of theory papers (see, e.g., [13] and references therein). Because the main configuration of the ground state of Yb + is 4f 14 6s, this ion can be considered as a system with one electron above the closed shells. Alternatively, one can treat the 4f electrons as the valence electrons, and consider Yb + as a system with 15 valence electrons. Both approaches have advantages and drawbacks. In the following we refer to them as a single-electron approach and a many-electron approach.
The advantages of a monovalent (single-electron) method are high accuracy and relative simplicity. In particular, the core-valence correlations can be treated very accurately. However, the problem is that the states belonging to the configurations with the unfilled 4f shell, such as 4f 13 6s 2 and 4f 13 5d6s, are lying very low in Yb + . A knowledge of their properties is important for a number of experimental schemes mentioned above. A singleelectron method is unable to treat such states since these are not monovalent states. Moreover, the states with filled 4f shell (like 4f 14 6p 2 P o 3/2 ) can strongly interact with a closely located state with the unfilled 4f shell. This mixing can significantly affect the properties of both states. Again, the single-electron approach does not take into account this interaction that drastically affects the accuracy of this approach for the states where this mixing is large. This effect is illustrated on the example of calculation of the magnetic dipole hyperfine structure (hfs) constant A of the 4f 14 6p 2 P o 3/2 state. It was calculated by several different methods that considered Yb + as a monovalent system [13] [14] [15] [16] .
The resulting values are in reasonable agreement with each other but are factor of two smaller than the experimental result. As we show in this work, the reason for this discrepancy of theory and experiment is the strong configuration interaction between the 4f 14 6p
states. The many-electron methods, such as the conventional configuration interaction (CI), allow us to study the properties of the states with both filled and unfilled 4f shell on equal footing. It also allows to take into account the configuration interaction between nearby levels. However, the accuracy of the 15-electron CI approach is generally lower than that of single-electron methods due to omission of the correlation corrections between the core [1s 2 , ..., 5p 6 ] electrons and the valence electrons. So far, it has not been possible to incorporate successfully the core-valence correlations into a many-electron CI.
In this work, we carried out calculation of Yb + properties using both the single-electron approach, with both many-body perturbation theory (MBPT) and all-order methods, and the 15-electron configuration interaction method. The use of the both approaches allows us to study the properties of all low-lying states. Since these methods are to some extent complementary to each other, they give us clearer picture of the importance of various correlation effects and provide more complete theoretical description of the Yb + properties. This work will allow to outline a pathway for the development of more accurate approaches for the calculation of Yb + properties of interest to applications listed above. Because of the importance of the Yb + for various applications, experimental values of other properties will become available in the future for further theory tests. Yb + is an excellent system for benchmark tests of new theoretical approaches capable of describing strong electron correlations. A development of such new approaches is also needed to improve theoretical description of complex atoms, such as Dy or Ho, which is becoming more important owing to recent experimental developments and new proposals with these systems [17] [18] [19] .
Another goal of this paper is to evaluate spindependent parity-violating amplitudes for the 4f 14 6s
2 D J transitions in Yb + and to study the effects of various correlation corrections to this quantity. The calculation of the PNC amplitude is required to analyze the experimental PNC studies and extract the anapole moment (unless the measurements are carried out with several isotopes). Such experimental study with Yb + is presently underway in Los Alamos [9] . So far, a non-zero anapole moment was observed only in Cs [10] . The Cs result is in disagreement with the nuclear physics predictions for the Cs anapole moment and constraints on weak nucleon-nucleon couplings [11, 12] [15] . The authors of [15] treated Yb + as a monovalent system. They noted significant cancelation between different terms contributing to the SD PNC amplitudes which merited further investigation carried out here. We note that the total uncertainty in the value of the anapole moment that can be extracted from the experiment with a single isotope includes the theoretical and experimental uncertainties.
Other PNC experiments that are presently underway include studies with Yb [20] , Fr [21] , and Ra + [22] . Large atomic parity violation effect was observed in neutral Yb [20] .
The paper is organized as follows. The Sec. II is devoted to the single-electron approach. We present the results of calculations of the low-lying energy levels, the magnetic dipole hfs constants, E1 transition amplitudes between the low-lying states, and nuclear spin-dependent parity-nonconserving amplitudes for the
transitions. The all-order results are also given for the energy levels and electric dipole matrix elements. In Sec. III we present the energy levels, magnetic dipole hfs constants, and E1 transition amplitudes for the low-lying states calculated in the framework of the 15-electron CI method. We compare the results obtained by either method. If the results differ from each other the reasons are analyzed. The conclusions are described in Sec. IV. We use atomic units = |e| = m e = 1 thorough the paper unless stated otherwise.
II. SINGLE-ELECTRON APPROACH AND RESULTS
In this approach, the 4f electrons are considered as the core electrons. We start from the solution of the DiracFock (DF) equations carrying out the self-consistency procedure for the [1s 2 ,...,4f 14 ] core electrons. Then, the valence orbitals 6−8s, 6−7p, and 5−6d were constructed in the V N −1 approximation (N is the total number of the electrons in the system). The basis set used in calculations included virtual orbitals up to 23s, 23p, 23d, 22f , and 14g formed with the help of the recurrent procedure described in Refs. [23, 24] . The MBPT corrections can be included by solving the equation
with the effective Hamiltonian defined as H eff ≡ H 0 + Σ, where H 0 is the Dirac-Fock Hamiltonian and the operator Σ takes into account virtual core excitations.
A. Energy levels
First, we find the energies of the low-lying states in various approximations and compare them with the ex- [25] . The ionization potential is given in the first line (in a.u.), the energy levels of the excited states are counted from the ground state (in cm −1 ). The columns labeled "DF" and "MBPT" correspond to the Dirac-Fock and DF+MBPT approximations with the MBPT corrections included in the second order. The higher orders of the MBPT are included in the results listed in the column labeled "MBPT(HO)". The results of the singledouble all-order calculation are listed in the column labeled "All-order".
DF
MBPT MBPT(HO) All-order Experiment a This is equal to the ionization potential = 98269 cm −1 [25] .
perimental values [25] . As we already mentioned, we are able to obtain only the energies for the states with filled 4f shell in the framework of this approach. In Table I we present the ionization potential (line 1) and the energies of the low-lying states obtained in different approximations. At the DF stage of the calculations even the order of the levels is incorrect. An inclusion of the second-order MBPT corrections restores the correct order of levels listed in Table I . The second-order MBPT values are listed in column labeled "MBPT". As expected, the agreement between the experimental and theoretical energies significantly improves with the inclusion of the correlation corrections beyond DF approximation. At the same time, the correlations are large and accounting for only the 2-nd order MBPT corrections is not sufficient. To calculate the energy levels (and subsequently other properties) more accurately, we need to take into account the higher orders (HO) of the MBPT. We designate this approximation as MBPT(HO) and label the results of such calculations accordingly in the text and the tables.
In this approach, we include higher-order corrections by introducing screening coefficients C k for the Coulomb lines in self-energy diagrams (see, e.g., [26] ). The latter can be calculated as an average screening of the twoelectron Coulomb radial integrals of a given multipolarity k. These coefficients serve as an approximation to the insertion of polarization operator in Coulomb lines. The coefficients C k were chosen as follows: C 0 = 1.3, C 1 = 0.75, and C k = 1 for k ≥ 2. The resulting energies are listed in Table I As a test of the MBPT(HO) approach, we also calculated the energy levels using the linearized single-double coupled-cluster method (also referred to as the all-order method). This method allows to include the higher-order correlation corrections in an ab initio way by effectively summing the dominant correlation contributions to all orders of the perturbation theory. The single-double allorder method was demonstrated to produce very accurate atomic properties for alkali-metal atoms and other monovalent systems. We refer the reader to the review [27] for a description of the all-order approach and its applications. The all-order data are listed in column labeled "All-order" in Table I . These energy values have been previously listed in [28] . We find that ab initio allorder energy levels are close to the MBPT(HO) values serving as an additional verification of the MBPT(HO) approximation.
B. Magnetic dipole hfs constants and E1 transition amplitudes
To calculate magnetic dipole hfs constants and E1 transition amplitudes, we construct effective valence operators for the magnetic dipole hyperfine interaction H hfs and the electric dipole operator d. First, we solve the random-phase approximation (RPA) equations, which is equivalent to the summation of the dominant sequence of many-body diagrams to all orders of MBPT [26, 29] . Then, we include additional corrections (beyond RPA) to the effective operators: the core-Brueckner, structural radiation (SR), and normalization corrections.
The results obtained for the hfs constants are listed in Table II . This table illustrates that the MBPT corrections are generally large and contribute significantly to the hfs constants A. The RPA, core-Brueckner, SR, and normalization corrections also have to be taken into account. The The final values of all hfs constants obtained in this work are, in general, in reasonable agreement with the experimental data and other theoretical results with the exception of two cases. We find a significant difference between our value of A( 2 D 3/2 ) and the value found in [15] . The difference is most probably due to inclusion of the corrections beyond RPA in the present work. Our result is in a good agreement with the experiment. All of the theoretical values are in disagreement with the experimental value of the A( 2 P o 3/2 ) demonstrating that this hfs constant cannot be correctly reproduced in the framework of a single-electron approach. As we will discuss in more detail in the section devoted to the 15- A possible sensitivity of A(
) to the configuration mixing was also mentioned in Ref. [15] .
We also calculated the E1 amplitudes for the transitions between the low-lying states and compared them with other available data. The lifetime τ of the [1] . Using two these quantities, we find the transition probabilities
and
Respectively, the "experimental" reduced matrix elements (MEs) of the electric-dipole moment operator are
At the present time, the most precise measurement of the (9) ns, was carried out in [35] . The 
The transition probabilities W (
were calculated in Ref. [13] to be 3.6 × 10 5 s −1 and 1.9 × 10 5 s −1 , respectively. Thus, they are more than two orders of magnitude smaller than 1/τ (
is not so high (for example, ∼ 20-30%), it practically does not affect the final accuracy of the W (
, we find the probability of the (3) a.u. The same experimental value for this reduced ME was quoted in [15] .
In Table III , we present the results obtained for the reduced MEs of the electric dipole moment operator d in the DF approximation and list the MBPT(HO), RPA, and other corrections. We emphasize that the coreBruckner, SR, and normalization corrections are small in this case, and we do not present them separately. The sum of these corrections is given in the table in the row labeled "Other". We also calculated the E1 matrix elements using the ab initio all-order method [27] . These values are listed in the row labeled "All-order". These results include the dominant SR, normalization, and other corrections to all orders. The MBPT(HO) and singledouble all-order results are in close agreement.
C. Parity-nonconserving amplitude
We carried out the calculation of the spin-dependent PNC amplitudes for the
The Hamiltonian describing the main part of the nuclear spin-dependent PNC electron-nuclear interaction can be written as follows
where G F ≈ 2.2225 × 10 −14 a.u. is the Fermi constant of the weak interaction, κ is the dimensionless coupling .u.) . First row gives the DF values. The 2nd and 3rd rows give the MBPT(HO) and RPA corrections, respectively. The row labeled "Other" is the sum of the core-Brueckner, structural radiation, and normalization corrections. The row labeled "Total" gives the final numbers. The results of the SD all-order calculation are given in the row labeled "All-order". The values are compared with the experimental and other theoretical [13, 15, 16] results. constant, α = 0 σ σ 0 and γ 5 are the Dirac matrices, I is the nuclear spin, and ρ(r) is the nuclear density distribution.
We consider the nucleus to be a uniformly charged sphere. Then,
The root-mean-square charge radius is r rms = 5.2891 fm [36] and, respectively, the nuclear radius R = 5/3 r rms ≈ 6.828 fm.
If |i and |f are the initial and final atomic states of the same nominal parity, then taking into account the nuclear SD part of the PNC interaction in the lowest nonvanishing order, one can write the electric dipole transition matrix element as
where |a ≡ |J a F a M a , F = I + J is the total angular momentum, M is the projection of F, and H SD is given by Eq. (5).
The expression for the reduced ME of d SD was derived in [37] and is given by
For the 
For subsequent calculations it is convenient to write 
where we denote the terms involving summations over n by R 1 and R 2 .
To calculate the nuclear spin-dependent PNC amplitude defined by Eq. (8), one needs to sum over all possible intermediate states or to solve the corresponding inhomogeneous equation. Here, we solve the inhomogeneous equation using the Sternheimer-Dalgarno-Lewis method [38, 39] in the valence sector. The results obtained in different approximations are presented in Table IV. We carried out the calculations in the DF and DF+MBPT(HO) (i.e., including the higher orders of the MBPT) approximations. Note that in these approximations 2 D J ||H SD || 2 P o J ′ = 0 and, respectively, the second term in Eq. (9) is also zero.
Then, we solved the RPA equations which is equivalent to the summation of the corresponding many-body diagrams to all orders for both d and H SD operators in Eq. (8) . Smaller contributions that include coreBrueckner, structural radiation, and normalization corrections were also taken into account. When the RPA corrections are included, the intermediate nP o 3/2 states also contribute to the spin-dependent PNC amplitude drastically increasing (in absolute value) the second term in Eq. (9) .
The initial and final states are the many-electron states. Therefore, we need to account for the core excitations. This contribution (labeled as "core" in Table IV) was calculated in the DF and RPA approximations.
Table IV (see the column labeled "RPA+other") illustrates that the two terms in Eq. (9) are comparable in their magnitude but have the opposite sign for all F i → F f transitions. Therefore, they partially cancel each other. Unfortunately, the accuracy of the calculation of the second term is expected to be rather poor since the intermediate Table IV are expected to only give an order of magnitude estimates of the spin-dependent PNC amplitudes.
A similar single-electron approach was used by Dzuba and Flambaum in [15] for calculating the PNC amplitude. They have rescaled the ab initio value of the ME n|H SD |m as
where A exp (k) and A th (k) are the experimental and theoretical values of the magnetic dipole hfs constant of the state k. The assumption that 13 5d6s|H hfs |4f 13 5d6s . This is a large contribution. However, the configuration 4f 13 5d6s does not contribute explicitly to 4f 14 5d|H SD |4f 13 5d6s because the one-electron ME 4f |H SD |6s = 0. Our values are in agreement with the results of Dzuba and Flambaum [15] within the estimated uncertainties.
III. 15-ELECTRON CONFIGURATION INTERACTION
We demonstrated in the preceding sections that the single-electron method sometimes fails to correctly predict certain properties of the Yb + ions due to mixing of configurations outside of the monovalent states space. This mixing can be taken into account within the framework of the 15-electron CI. In this approach, the 4f electrons are also considered as the valence electrons.
We again start from the solution of the Dirac-Fock equations, but the construction of the DF orbitals is more complicated than in the monovalent approximation described in the preceding section. The odd-parity low-lying levels belong to three different configurations, 4f 13 6s 2 , 4f 14 6p, and 4f 13 5d6s. Therefore, if we construct the basis set in a standard way, i.e., in the V N −1 approximation, the 4f 13 6s 2 and 4f 13 5d6s states will have much higher energy than the 4f 14 6p states and, respectively, there will be no mixing interaction between these configurations. To avoid this problem, we carry out the initial self-consistency procedure for the [1s 2 ,...,4f 14 , 6p] configuration. Then, all electrons were frozen and two electrons (one from the 4f shell and another one from the 6p shell) were moved to the 6s shell. Thus, the 6s orbital was constructed for the 4f 13 6s 2 configuration. Next, all electrons were frozen again and one electron from the 6s shell was moved to the 5d shell. The 5d 3/2,5/2 orbitals were constructed for the 4f 13 5d6s configuration. The basis set used in the CI calculations included virtual orbitals up to 8s, 8p, 7d, 7f , and 5g. The virtual orbitals were constructed as described in [23, 24] . As a result, the basis set we used for these calculations is rather short since the size of the configuration space grows very rapidly with the increase of the basis set. The configuration space was formed by allowing single and double excitations for the even-parity states from the configurations 4f 14 6s and 4f 14 5d and for the odd-parity states from the configurations 4f 14 6p, 4f 13 6s 2 , and 4f 13 5d6s. To check convergence of the CI, we calculated the lowlying energy levels for three cases: 1) including the single and double excitations to the shells 6s, 6p, 5d, and 5f (we designate it [6sp5df ]), 2) including the single and double excitations to [7sp6df 5g], and 3) including the single and double excitations to [8sp7df 5g]. In the last case the configuration space consisted of ∼ 2 300 000 determinants and calculation of the energy levels was rather lengthy.
A. Energy levels
The low-lying energy levels were calculated using the three CI spaces described above. The results are presented in Table V. We were able to reproduce the low-lying even-and odd-parity states belonging to five different configurations 4f 14 6s, 4f 14 5d, 4f 14 6p, 4f 13 6s 2 , and 4f 13 5d6s (the column [8sp7df 5g] in Table V) reasonably well. The theoretical energy levels for the 4f 14 6p
2 P o J states are located deeper than the experimental levels. It is not surprising since the initial self-consistency Dirac-Fock procedure was carried out for this configuration. The levels of the 4f 13 5d6s configuration are in reasonable agreement with the experimental data. The 4f 14 5d
2 D J states are lying 5-7% higher than the experimental levels. This is also expected because, as we mentioned above, the 5d orbital was constructed not for the 4f 14 5d configuration but for the 4f 13 5d6s configuration. We observe the worst agreement with the experiment for the 4f 13 6s
A reason is a particular sensitivity of this state to the configuration interaction. It was confirmed by calculations carried out with other (smaller) sets of configurations (not included in Table VII ). We assume that more configurations have to be taken into account to reproduce this energy level with good precision.
It is worth noting that it was essential to include the 5g shell into consideration as illustrated by the comparison of the columns [6sp5df ] and [7sp6df 5g] in Table V . Most of the observed differences in the energy levels listed in these two columns are due to including configurations involving the 5g orbitals into the CI space. A number of levels are very sensitive to these configurations. An addition of the 8s, 8p, 7d, and 7f shells (compare the columns [7sp6df 5g] and [8sp7df 5g] in the table) led to much smaller changes in the energy levels. Comparison of these three sets appears to indicate that further extension of the CI space (which will be extremely time-consuming) will not lead to any qualitative changes for a majority of the states. The results obtained in the framework of the single-double all-order approach are presented in Table VII for comparison.
In Sec. II, we discussed a poor agreement between the experimental value of the magnetic dipole hfs constant A(4f states almost perfectly (1649 cm −1 ), though the order of the levels was not correct. The experimental difference is 1634 cm −1 . It makes us confident that the configuration mixing of these two states is taken into account sufficiently correctly. We would like to stress that our calculations are purely ab initio. No semi-empirical parameters were used in the framework of this approach. 
5g], and [8sp7df 5g] give results obtained using different sets of the configurations described in the text. The results of the single-double all-order calculations are presented in the column labeled "All-order" for comparison. The experimental energy levels [25] are presented in the column labeled "Experiment". In the next subsection, we present the values of the magnetic dipole hfs constants and E1 transition amplitudes between the low-lying states. We compare these results with those obtained in the single-electron approximation and discuss the role of the mixing of monovalent and one-hole-two-particle configurations.
Config

B. hfs constants, E1 transition amplitudes, and other observables
The values of the magnetic dipole hfs constants obtained using three sets of configurations are listed in Table VI. We compare these results with the values listed in Table II obtained using the single-electron method. We will discuss the results obtained for the largest [8sp7df 5g] CI space. For the even-parity states, the hfs constants found in the 15-electron CI are close to the values obtained at the MBPT(HO) stage (see Table II ). Such an agreement looks reasonable. The CI results include the correlation corrections between the 4f and other valence electrons. In the single-electron approach these are core-valence correlations. At the same time the core excitations from all shells up to 4f are completely disregarded in the 15-electron CI approach. The configuration mixing does not play very significant role for the even-parity states considered here because the even states with unfilled 4f shell are located rather far from the ground-and
The value of A(
is very close to the result obtained in the single-electron approach in the DF approximation. Our analysis shows that in the many-electron case the contributions of all electrons (except the 6p 1/2 ) nearly cancels with each other and the final value is determined almost completely by the contribution of the 6p 1/2 electron.
The most significant disagreement between the experimental and theoretical hfs constants in the singleelectron approach (by a factor of 2.7) was found for the 2 P o 3/2 state. This problem is resolved in the manyelectron calculation. The 15-electron CI gives the value 765 MHz which differs from the experiment by only 13% (see Table VI state leads to an appearance of the contribution from the one-electron ME 6s|H hfs |6s which strongly affects the value of this constant. Based on the results obtained in the singleelectron approach (see Table II , the row RPA), we estimate that the core-valence correlation corrections will increase this number making it even closer to the experimental result. Thus, if the interaction between the We found only one experimental result for the states with the unfilled 4f shell listed in Table VI (for the  4f 13 6s 2 2 F o 7/2 state). Our value agrees with the experiment at the level of 7%. An assignment of uncertainties to the hfs constants of these states is not trivial. One source of errors is the insufficiently large CI space. The corresponding uncertainties may be estimated by a comparison of the results obtained for the [7sp6df 5g] and [8sp7df 5g] CI spaces. We see that the difference is not so large (at the level of a few percent). Another source of uncertainties is the core-valence correlations omitted in this approach. A magnitude of these corrections can be estimated using the results obtained in DF+MBPT method (see Table II In the single-electron approach, the 5d orbital was constructed for the f 14 5d configuration which is "native" for the 2 D J states. In the 15-electron CI approach, it was constructed for the f 13 5d6s configuration. Most likely, the set of configurations used to form the wave function of the 2 D J states is not sufficiently large (even for the biggest CI space that we have considered) to correctly reproduce their properties.
In the recent work of Huntemann et al. [7] , the quadrupole moment Θ of the 4f 13 6s [41] -0.22 Experiment [7] -0.041 (5) numbers except J) is determined as Θ = 2 J(2J − 1) (2J + 3)(2J + 1)(J + 1) γJ||Q 2 ||γJ , (12) where Q 2 is the electric quadrupole operator. We carried out the calculation of Θ(4f 13 6s Table IX . As illustrated by the table, our result obtained for the largest CI space coincide with the theoretical value of Ref. [41] and is 5 times greater (in absolute value) than the experimental result. At the same time, we see that Θ is very sensitive to the configuration interaction. The quadrupole moment is rather small due to large cancelations of one-electron contributions which is expected to make its accurate calculation more difficult. All this makes the result obtained even for the biggest CI space [8sp7df 5g] rather inconclusive. Based on our calculations, we can only roughly estimate this quantity as Θ(4f 13 6s . Finally, we note that an attempt to take into account core-valence correlations by combining the 15-electron CI with the MBPT was unsuccessful. The main problem which was repeatedly discussed earlier (see, e.g., [42] ) is instability of the MBPT for the mean-field potential V N , which includes a large number of valence electrons. An accounting for the MBPT corrections leads to an appearance of huge contribution from the subtraction diagrams [43] . These diagrams are calculated only in the second order of the MBPT. This is insufficient for accurate treatment of the core-valence correlations.
This problem does not allow us to calculate the SD PNC amplitude more accurately by the 15-electron CI method than it was done in the single-electron approach because the matrix element of the SD PNC Hamiltonian 2 D J ||H SD || 2 P o 3/2 is greatly increased when we include the RPA and other corrections. To perform similar calculation in the framework of the 15-electron CI, we need to include the subtraction diagrams into consideration, what makes this approach very unstable.
Formulating CI+all-order approach that can treat twoparticle-one-hole states on the same footing as the monovalent states appears to be a promising way for a development of methodologies capable to further improve the calculation accuracy of the Yb + properties.
IV. CONCLUSION
To conclude, we calculated the energies, magnetic dipole hfs constants, E1 transition amplitudes between the low-lying states, and the nuclear spin-dependent parity-nonconserving amplitudes for the 2 S 1/2 − 2 D 3/2,5/2 transitions. Our calculations were carried out in the framework of the single-electron DF+MBPT method and by the 15-electron CI method. All-order calculations were also carried out for selected properties using the linearized single-double coupled-cluster method.
The specific character of Yb + ion manifests itself due to the presence of the low-lying states with unfilled 4f shell. A configuration interaction between them and the states with filled 4f shell significantly affects the properties of both types of states. We demonstrated this configuration mixing by analyzing the properties of the 4f 14 6p Various contributions to the spin-dependent parityviolating amplitude are discussed and a method to improve accuracy further is proposed.
